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The unusual rate and extent of environmental changes due to human activities may exceed the capacity of marine organisms to deal with this phenomenon. The identification of physiological systems that set the tolerance limits and their potential for phenotypic buffering in the most vulnerable ontogenetic stages become increasingly important to make large-scale projections. Here, we demonstrate that the differential sensitivity of non-calcifying Ambulacraria (echinoderms and hemichordates) larvae towards simulated ocean acidification is dictated by the physiology of their digestive systems. Gastric pH regulation upon experimental ocean acidification was compared in six species of the superphylum Ambulacraria. We observed a strong correlation between sensitivity to ocean acidification and the ability to regulate gut pH. Surprisingly, species with tightly regulated gastric pH were more sensitive to ocean acidification. This study provides evidence that strict maintenance of highly alkaline conditions in the larval gut of Ambulacraria early life stages may dictate their sensitivity to decreases in seawater pH. These findings highlight the importance of identifying and understanding pH regulatory systems in marine larval stages that may contribute to substantial energetic challenges under near-future ocean acidification scenarios.
Introduction
Understanding the effects of near-future global changes on biological systems has received considerable attention from the scientific community [1] . Oceans absorb a third of the CO 2 that is emitted to the atmosphere [2, 3] leading to global ocean acidification. It has been demonstrated that ocean acidification has the potential to impact marine biota from molecular to ecosystem levels and may affect socioeconomic equilibria by altering the availability of marine resources [4, 5] . To evaluate impacts of ocean acidification on marine biota, a research priority is to understand the potential for evolutionary adaptation in marine organisms facing environmental changes at rates that were never seen in the geological past [6] . This can only be achieved through identification of organismic traits that set the tolerance limits in marine species facing changes in seawater pH.
Marine invertebrate larvae were shown to be particularly sensitive when exposed to experimentally simulated near-future ocean acidification. Several processes were shown to be sensitive including survival, development, and growth rates [7] [8] [9] [10] . Many marine invertebrate larvae produce calcareous shells or skeletons, and a less alkaline marine environment with decreased pH and saturation states (V) may impede proper calcification or require a larger fraction of the organism's energy budget leading to a decrease in growth and development [11] [12] [13] . As a consequence, the majority of the current literature has focused on marine calcifiers, as they were hypothesized to represent the most sensitive group to ocean acidification. However, a growing number of studies reported mixed responses in different species of both calcifying and non-calcifying types exposed to simulated ocean acidification [14, 15] . This indicates that, besides calcification, other physiological processes must contribute to the sensitivity of marine larvae facing changes in seawater pH. Existing literature on seawater acidification effects on marine larvae has demonstrated that energy allocated towards cellular processes involved in ion regulation may represent a major energy sink [12] . Besides ion regulatory mechanisms to control CaCO 3 formation and intracellular pH regulation, alkaline digestive systems can also represent an additional energy sink when these organisms are confronted with decreased seawater pH [16] . The insufficient ability to maintain a high stomach pH is accompanied by reduced digestive enzyme activities and digestion abilities in sea urchin larvae [16] . Accordingly, digestion is a central physiological parameter that can significantly affect the energy budget of marine larvae through altered nutrient uptake and increased energy expenditure to control digestive pH. Alkaline digestive systems are widely found in Ambulacraria (hemichordate and echinoderm) larvae, and regulation of the stomach pH is energized by conserved ATP-dependent ion pumps, including the Na þ /K þ -ATPase and the V-type H þ -ATPase [17] . The exact reason for the evolution of alkaline digestive systems in the Ambulacraria larva remains enigmatic, but has been hypothesized to be advantageous for the digestion of plant material, and may serve as a pathogen defence mechanism as described for the acidic stomachs of vertebrates [17, 18] . Here, we hypothesized that the maintenance of gastric pH within a narrow margin (high pH regulation) in marine Ambulacraria larvae can significantly contribute to the sensitivity upon exposure to reductions in seawater pH. Regulation of stomach pH was investigated in non-calcifying larvae of the sea star Archaster typicus and the hemichordate Ptychodera flava, allowing the exclusion of energy allocation towards calcification. By further comparing gastric pH variability among six species of Ambulacraria larvae, that all but one demonstrate regulated alkaline gastric conditions, we tested the relationship between species sensitivity to ocean acidification and the ability to control gastric pH. Thus, the present study provides insights into a central physiological process that may represent the 'Achilles' heel' of a marine superphylum, Ambulacraria, under rapid changes in seawater pH in the near future.
Material and methods
(a) Monitoring of seawater pH and pCO 2 at the Penghu archipelago
Monthly measurements of seawater pH NBS were carried out at defined stations on the Penghu archipelago. Seawater samples from these stations were collected and transported to the Institute of Cellular and Organismic Biology (ICOB), Academia Sinica, for the determination of carbonate system variables (see electronic supplementary material for detailed information).
(b) Animal collection and larval cultures CO 2 perturbation experiments using P. flava were carried out in October 2013 and 2015 (exp. 1 þ exp. 2; duration: 9 days) and experiments using A. typicus were performed in June 2014 (duration: 14 days) at the ICOB. Adults of the sea star A. typicus and the acorn worm P. flava were collected in the intertidal zone of Chito Bay on the northern island of Penghu. Animals were transported back to the ICOB and kept in a recirculating seawater system 12 L : 12 D cycle for a few days. A. typicus was collected in June 2014 and P. flava in October 2013 and 2015 during the natural spawning season of the two species. Fertilization and CO 2 perturbation experiments were conducted as previously described [11, 16, 17] (also see electronic supplementary material).
(c) Alkaline phosphatase staining
Alkaline phosphatase (AP) in the digestive systems of A. typicus and P. flava was stained using the AP substrate 5-bromo-4-chloro-3-indolyl phosphate (BCIP) coupled to Nitro blue tetrazolium (NBT) (Sigma-Aldrich). Live larvae were incubated in a seawater substrate mixture (2.5 : 1) for 15-25 min at 258C to visualize the presence of the AP in the digestive tract.
(d) Gastric pH measurements
Microelectrode measurements were performed as described previously [16, 17] to measure H þ concentrations in the stomach of marine larvae. The linear regression between voltage output and log [H þ ] values of artificial seawater solutions (pH 7, 8, and 9) yielded a Nernstian slope greater than 52 mV for 1 pH unit. Larvae were kept in position using a holding pipette and the ion-selective probe was introduced into the stomach through the oesophagus. pH recordings were performed on bipinnaria (sea star) and tornaria (acorn worm) larvae reared (starting with the first cell division) under control and hypercapnic conditions to address the effects of chronically elevated seawater pCO 2 on gastric pH homeostasis.
(e) pH regulatory plasticity
To quantify the total variability of gastric pH homeostasis in different Ambulacraria larvae raised under the same experimental conditions ( pH 8.1; pCO 2 400 -500 matm), we employed the coefficient of total variability (CV t ), as follows:
To quantify the pH regulatory change within a species for a given change in environmental pH, we calculated the environmentally standardized phenotypic plasticity index (ESPI) as follows:
that is used to determine the effects of the environment on a target trait [19] . To correlate CV t and ESPI to mortality rates of the respective species, we used mortality data of the present work as well as previously determined mortality rates under standardized experimental procedures.
(f ) Determination of respiration rates
Respiration rates were essentially performed as described previously [11] (see electronic supplementary material for additional information). Briefly, approximately 150 larvae (7 dpf) were transferred into a 2 ml respiration vial filled with filtered (0.2 mm) seawater. The decrease in oxygen concentration was recorded using oxygen-sensitive sensor spots (PreSens, Germany) glued into the respiration chambers and connected via a fibreoptic cable to the oxymeter (PreSens, 4-OXY Micro, Germany Experiments were conducted with the maximum sample size that was feasible during experimental duration. All generated data were included in statistical tests. Cultures were randomly placed in the water cooling bath to minimize effects of potential abiotic gradients (e.g. temperature) along the culture set-ups.
No blinding of the investigator was done.
Simple linear regression models were used to test the relationship type between the variables. Analysis of covariance (ANCOVA) was used to test for pCO 2 effects on the tested variable using time post-fertilization as a covariable. When exponential relationships were calculated, values were arcsine transformed. Student's t-test was used to test for differences in gastric pH, [H þ ] gradients, and metabolic rates between pH 8.1 ( pCO 2 400-500 matm) and pH 7.7 ( pCO 2 1 400-1 700 matm) acclimated animals. The Kolomogorov-Smirnov test was used to check for normality of the data. The data met the assumptions of the tests used. Equal variance was met for tests that required it. All statistical analyses were performed using Prism (GraphPad software). Regression equations, coefficients, and statistics are listed in table 1.
Results
(a) Experimental organisms and seawater pH and pCO 2 in their natural habitat
Our experimental species were the larval stages of A. typicus and P. flava. These larvae are planktonic and consist of an outer epithelium, a tripartite digestive system, and a blastocoelic space with an extracellular matrix (ECM) in between (figure 1c). Seawater physico-chemical parameters monitored in their natural habitat over an annual cycle in coastal areas of the Penghu archipelago demonstrated low pH variation. During the spawning season of the two species, seawater pH never decreased below pH 8 with pCO 2 levels ranging between 300 and 500 matm (figure 1a,b). Near-future projections (2100) for decreases in seawater pH at our sampling site will lead to minimum pH 7.7 (DpH 0.4) ( pCO 2 1 500 matm) during the spawning season of A. typicus and P. flava (figure 1b).
(b) Effects of pH on fitness parameters
Exposure of these non-calcifying larvae to the near-future acidification scenario (pH 7.7; pCO 2 1 400 matm) evoked differential responses. pH had no significant effect (ANCOVA, table 1) on the mortality in A. typicus, while a strong negative effect of decreased seawater pH was observed in P. flava leading to 100% mortality after 9 days post-fertilization (figure 2a,b, ANCOVA, table 1). The increased mortality at low pH in P. flava occurred when larvae started to feed and when the digestive system was functionally developed, indicated by the presence of digestive enzymes (e.g. AP; figure 2a,b, insets) and alkalization of the stomach. No malformations, but a significantly (ANCOVA, table 1) shorter body length at a given time, were observed in both species under decreased pH conditions, suggesting a developmental delay (figure 2c-f).
(c) Different responses associated with physiological traits (i) Extracellular matrix and gastric pH homeostasis
In both species, the pH of the ECM filled space that surrounds the digestive tract conforms to the environmental pH ( figure 3a,b) . Gastric pH measurements demonstrated that A. typicus larvae do not regulate their stomach pH, neither after acute nor after chronic exposure to lower or higher seawater pH (figure 3a). P. flava larvae, on the other hand, have highly alkaline (greater than pH 10) conditions in their digestive systems that are only slightly compromised after acute changes in seawater pH or during chronic exposure to pH 7.7 ( pCO 2 1 400 matm) (figure 3b). Despite a similar drop in gastric pH of approximately 0.4 pH units upon exposure to acidified conditions, the associated changes in H þ concentrations are almost 100-fold lower in P. flava compared with A. typicus due to the logarithmic nature of the pH scale, indicating a strictly controlled gastric milieu in larvae of the hemichordate P. flava (figure 3c; electronic supplementary material).
(ii) Metabolic rates of P. flava The comparison of different Ambulacraria larvae provided in figure 4a indicated distinct, species-specific gastric pH levels ranging from highly alkaline (pH 10) conditions in the hemichordate larvae to non-regulated gastric pH in the bipinnaria larva of A. typicus. In the five tested species showing regulatory abilities, the intraspecific variability in gastric pH was high with the highest variability observed in the purple sea urchin Strongylocentrotus purpuratus and the lowest variability in the hemichordate P. flava. This variability was used to calculate the coefficient of total variability (CV t ). Because gastric pH in A. typicus is equal to seawater pH, CV t of A. typicus gastric pH merely represents the variation of the seawater pH (of the experimental set-up) and was therefore omitted from this analysis. Gastric pH measurements in larvae raised under control (pH 8.1; pCO 2 400-500 matm) and low pH ( pH 7.7; pCO 2 1 400-1 700 matm) conditions demonstrated that the change in gastric pH homeostasis, expressed as [H þ ], is differentially affected among species allowing for the calculation of an environmentally standardized plasticity index (ESPI) for the respective species (figure 4b). CV t and ESPI of different species strongly correlate with the respective relative mortality rates (when compared with the control at pH 8.1; pCO 2 400-500 matm) determined under the same acidification level (pH 7.7; pCO 2 1 400-1 700 matm) ( figure 4c,d ).
Discussion
(a) Gastric pH regulation dictates the sensitivity of Ambulacraria larvae to experimental ocean acidification
Exposure of two non-calcifying larvae to the near-future CO 2 -induced acidification scenario ( pH 7.7; pCO 2 1 400 matm) evoked differential responses. CO 2 -induced changes in seawater pH had no significant effect on the mortality in A. typicus, while a strong negative effect of decreased pH was observed in P. flava leading to 100% mortality after 9 days post-fertilization. The increased mortality at low pH in P. flava occurred when the digestive system became functional and larvae started to feed. Similar high sensitivity to seawater acidification ( pH 7.7; pCO 2 1 200 matm) was observed for the brittle star Ophiotrix fragilis with 100% mortality after 8 days [7] . Interestingly, also in this brittle star species, the onset of mortality occurred when larvae started to feed, suggesting that feeding activity is linked to an increased vulnerability. The fact that non-calcified larvae can be highly sensitive to ocean acidification indicates that calcification is only one physiological process impacted by ocean acidification. The contrasting responses in the two non-calcified larval types tested in the present work may be linked to differences in their extracellular pH regulatory systems. Similar to observations in sea urchin larvae [13] , the extracellular pH of the primary body cavity in sea star and hemichordate larvae also conforms to the environmental pH. This pH conformity of the primary body cavity with the surrounding seawater 2 dpf 3 dpf 6 dpf 8 dpf 1 dpf 3 dpf 5 dpf 11 dpf 15 dpf (e) ( f ) Figure 2 . Effects of seawater acidification on survival, growth, and development in the two larval types. Relative survival rates of P. flava tornaria (a) and A. typicus bipinnaria (b) larvae exposed to current (pH 8.1; pCO 2 400-500 matm) and near-future (pH 7.7; pCO 2 1 400-1 500 matm) pH levels in their natural habitat. Staining of AP in the digestive tracts of larvae raised under the two pH levels at 5 dpf (insets). Total body length of tornaria (c) and bipinnaria (d) larvae exposed to current and near-future pH levels. Representative images of tornaria (e) and bipinnaria (f) larvae exposed to the different pH conditions along the incubation period of 9 and 14 days, respectively. Values are presented as mean + SEM with n ¼ 8 (independent cultures for P. flava) and n ¼ 4 (independent cultures for A. typicus). The experiment on P. flava was repeated once (two replicates in time, with four independent cultures per time, in total n ¼ 8). For details on statistics, see table 1. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171066 directly exposes the epithelium of the digestive tract to changes in seawater pH. The physiological consequence of different gastric pH regulatory strategies becomes even clearer when looking at the actual proton concentrations instead of the logarithmic pH scale. Despite a similar drop in gastric pH by approximately 0.4 pH units upon exposure to acidified conditions, the associated changes in H þ concentrations are almost 30-fold lower in P. flava compared with A. typicus, indicating a strictly controlled gastric milieu in larvae of the hemichordate P. flava. This drop in seawater pH led to a 2.4 times increase in H þ gradients across the stomach epithelium of P. flava that needs to be overcome by elevated ion-transport activity. In fact, an increased expression of ion pumps and transporters including Na
and Na þ /H þ exchanger3 that are highly expressed in the gastric epithelium of P. flava and S. purpuratus has been demonstrated upon exposure to acidified conditions [17, 20] . Similar upregulations in these ion regulatory genes were also observed in sea urchin larvae during exposure to near-future acidification scenarios using large-scale transcriptomic approaches [21] . Interestingly, genes coding for ion transporters were demonstrated to have a high number of single-nucleotide polymorphisms in sea urchin larvae [22] . This result suggests that ion regulatory processes that are particularly challenged by seawater acidification undergo a first step of genetic adaptation to changes in seawater pH/pCO 2 .
(b) Gastric pH regulation as an energy sink in marine larvae
The maintenance of gastric pH is associated with energetic costs to compensate for increased H þ gradients between stomach lumen and the environment [17] . Increased ion-transport activities are often associated with an increase in energetic costs [11, 12] . Similar to observations made in sea urchin larvae with up to 100% increases in metabolic rate when reared in acidified (pH 7.7; pCO 2 1 300 matm) seawater [11, 23] , this study also demonstrated a substantial increase in metabolic rates when P. flava larvae were exposure to acidified conditions. This increase in energy demand is likely associated with an increased energy demand to fuel acid-base regulatory processes, including gastric pH regulation. The importance of gastric pH homeostasis in echinoderm and hemichordate larvae during changes in seawater pH is supported by two major physiological observations: (i) the pH within the primary body cavity is conforming to the surrounding seawater directly exposing the gastric epithelium to changes in seawater pH/pCO 2 (results of the present work and [13] ) and (ii) ATP-dependent ion pumps including the Na þ /K þ -ATPase and the V-type H þ -ATPase are highly expressed in stomach epithelial cells compared with other cell types [17] . Figure 3 . Characterization of gastric pH homeostasis in sea star and hemichordate larvae during exposure to acidified seawater. pH homeostasis in the extracellular matrix (ecm) and the stomach (st) of sea star (A. typicus-At) (a) and acorn worm (P. flava-Pf) (b) larvae during exposure to acute and chronically acidified seawater. Prefeeding data (cyan dots, n ¼ 4 cultures, from each culture two individuals were measured and averaged) were obtained 1 day before the start of feeding and values for feeding larvae (yellow dots, four cultures, from each culture two to four individuals were measured and averaged for each culture, measurements were replicated in time:
At two time points, (e.g. n ¼ 8, Pf four time points, e.g. n ¼ 16) are presented as an average along the remaining experimental duration. (c) Differences in the two species with respect to gastric pH and H þ concentration when exposed to changes in environmental pH (At n ¼ 8, Pf n ¼ 16, same sampling procedure as in b-yellow dots). (d) Stomach pH along the ontogeny of P. flava exposed to pH 8.1 ( pCO 2 400 matm) and 7.7 ( pCO 2 1 400 matm) (blue and red dots, respectively), showing the increasing gastric pH, and the proton gradients between stomach and surrounding seawater (blue and red lines, n ¼ 4 cultures for each pH, from each culture two to three individuals were measured and averaged). The grey dots indicate the individual values for the low pH group due to the occurrence of high mortality towards 9 dpf. Values are presented as mean + s.e. Significant differences are indicated by asterisks (*p , 0.05; **p , 0.01). For details on statistics, see table 1. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171066 transporters (e.g. Na þ /K þ -ATPase) [12] . Here, the highly alkaline sea urchin gut surrounded by an extracellular space with no pH regulatory capabilities can be considered a substantial energy sink that may strongly contribute to observed changes in the animal's energy budget under seawater acidification. Increased energy consumption to fuel compensatory processes can be regarded as a fundamental physiological mechanism for many marine species facing changes in seawater pH leading to compromised growth and development or even death [7, 11, 12] . Although regulation of gastric pH homeostasis in the Ambulacraria larvae examined is associated with ATP-consuming ion transport, it has the physiological benefit that digestive enzymes can work at their optimum pH irrespective of environmental fluctuations [16, 17] . This may also explain the reduced growth rate that was observed in both species. While the scope for growth (for details, see [11] ), in P. flava, may be reduced due to increased energy demand for acid-base regulatory processes, the scope for growth in A. typicus may be primarily reduced due to decreased digestive efficiencies due to lowered gastric pH and not due to acid-base regulatory energy expense. However, this concept was developed for the sea urchin larva model [11, 16, 17] and needs to be experimentally verified for P. flava and A. typicus in future experiments.
The evolution of an alkaline instead of an acidic digestive system in Ambulacraria larvae has been proposed to be associated with the high ionic permeability of the ectoderm and the extracellular space of the primary body cavity facilitating a regulation towards more alkaline conditions [13, 17] . Furthermore, alkaline digestive conditions can be considered advantageous for digestion of algal material (e.g. facilitated break down and thus increased absorption efficiency) and may serve as a filter to protect against environmental pathogens and to control the composition of the gut microbiome [18, 24, 25] .
The degree of phenotypic variance (inter-individual variability) within a species or population has been proposed to be related to the potential for evolutionary adaptation to environmental change. This is based on the assumption that an organism with a broad spectrum of phenotypes and physiotypes is more likely to produce a successful phenotype under a given change of the environment. Thus, a successful phenotype of this pool will get positively selected by non-lethal environmental stress leading to a cohort of organisms with a specific set of physiological and phenotypic traits adapted to the environmental stressor [26] [27] [28] . To date, estimates for adaptation potential mainly used biometrical (e.g. growth and developmental rate) and gene expression features leaving the important role of key physiological processes that determine the phenotypes and limit the tolerance of a species to environmental changes poorly studied [29] . Our study shows that gastric pH and the intraspecific variability vary between the six Ambulacraria species examined. Surprisingly, the inter-individual variability of gastric pH under control conditions is highly correlated with the degree of sensitivity (expressed as the difference in relative mortality rate between pH 8.1 and pH 7.7) in different species during exposure to comparable acidification levels (pH 7.7, pCO 2 1 200-1 500 matm) ( figure 4, inset) . Furthermore, the present work also demonstrated that different species of Ambulacraria have different abilities for the regulation of gastric pH homeostasis (ESPI) upon changes in seawater pH. This degree of gastric pH regulatory variability within a species correlates highly with their sensitivity to acidified seawater lending strong support for the hypothesis that the intraspecific variance and the potential for regulation of gastric pH represent a key feature that determines selection pressure in Ambulacraria species developing under reductions in seawater pH. This observation is in line with a meta-analysis on metabolic plasticity, demonstrating that the capacity for acclimation to temperature changes decreases the sensitivity of most ectothermic organisms to climate change [30] . Similar to the mechanistic understanding of how the plasticity in oxidative metabolism affects the resilience of organisms to temperature changes [31] , the present work could identify the plasticity in gastric pH homeostasis as a potential key mechanism for resilience to changes in seawater pH/pCO 2 .
(c) Concluding remarks: origin and consequences of interspecific variability in gut pH regulation
The present work demonstrated that gastric pH homeostasis in Ambulacraria larvae is often a highly regulated process. However, a high degree of variability in gastric pH regulation was observed and ranged from species with no pH regulation to species maintaining a narrow pH range. Different strategies in the pH regulatory plasticity of digestive systems are probably an evolutionary trait that was strongly shaped by environmental pH fluctuations and food availability experienced by the organisms in their natural habitats over long exposure times (figure 5). pH regulation is energetically costly and low regulatory capacity can be considered as an energy-saving mechanism that would be efficient in a non-food-limited environment where a decrease in digestion efficiency due to pH fluctuations would not be detrimental. By contrast, a tightly regulated digestive pH helps to maintain optimum digestive efficiencies but at higher energetic costs. This would be an efficient strategy in habitats with lower variability in seawater pH/pCO 2 but less predictable food availability where optimal digestion would be critical. This trade-off between energetic costs for pH homeostasis and digestion efficiency has consequences for species sensitivity to ocean acidification. Changes in seawater chemistry will impose an extra energetic cost and limitations on larval stages. We found a strong correlation between the variability in gastric pH under control conditions and the plasticity of gastric pH in response to specified pH/pCO 2 changes (ESPI) and mortality rates under simulated ocean acidification for five Ambulacraria species. Although correlation does not prove causation, it is still intriguing that both variables-variability and plasticity index-significantly correlate with mortality rates, while the absolute gastric pH does not (electronic supplementary material, figure S1 ). Our results therefore suggest that the additional energy costs for gastric pH regulation in species with tightly regulated midgut pH may lead to significant fitness costs (and potentially increased mortality). However, to fully evaluate the consequences of ocean acidification, both direct (e.g. pH decrease and change in pH variability) and indirect effects (e.g. changes in food quantity and quality) will need to be considered.
This work highlights that gastric pH homeostasis is probably a key element if we aim to understand the effects of ocean acidification on larval stages of the marine superphylum Figure 5 . Generalized model for different responses by the Ambulacrarian digestive system to changes in seawater pH. An energetic equilibrium between energy gain (nutrient uptake and assimilation) and energy expenditure (maintenance of an alkaline gut and production of digestive enzymes) has evolutionary adapted to environmental conditions experienced by the organisms in their natural habitats. Here, it is important to note that in Ambulacraria larvae, the digestive tract is directly exposed to changes in seawater (SW) pH because the ECM and the primary body cavity have no pH regulatory capabilities. A low regulation of digestive pH allows for a dynamic modulation of energy expenses at the cost of optimum enzyme functionality [16] . By contrast, rigid regulation of gastric pH leads to low flexibility within the larval energy budget when exposed to changes in environmental pH, but ensures a stable environment for digestive enzymes. (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171066
Ambulacraria. The findings demonstrate the need to identify physiological systems that set the tolerance limits for marine organisms, allowing us to generate large-scale predictions for species sensitivity in times of rapid global change. 
